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Hyperbolic materials have been newly discovered that can enhance near-field radiative transfer. Multi-
layer and three-dimensional hyperbolic materials require challenging fabrication techniques. From a prac-
tical point of view, natural hyperbolic materials serve better in applications requiring near-field radiative
transfer enhancement. In this study, we investigate enhancement of near-field radiative transfer using
natural hyperbolic material - calcite, and compare with that from (also natural) polar dielectric materials,
SiC, where phonon polaritons are responsible for enhanced near-field heat transfer. Spectral analyses of
enhanced near-field radiative transfer from hyperbolic modes in hyperbolic materials and surface phonon
polaritons in polar dielectric materials are carried out and compared, which determine the origin and
amount of near-field radiative transfer enhancement in these materials.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

For over a century, it was established that thermal radiation is
governed by the Stephan Boltzmann’s law and not exceeding the
blackbody radiation limit. However, when two bodies are brought
to a distance less than the characteristic radiation wavelength de-
termined by the Wien’s displacement law, it has been predicted
theoretically [1-4] and proven experimentally [5-15] that near-
field radiation is much enhanced, and surpasses blackbody ra-
diation. Hence, near-field radiation has become an exciting ex-
ploratory area for heat transfer enhancement. Exploiting the near-
field radiation behavior, various applications have been proposed
such as negative luminescent [16], thermoradiative energy conver-
sion [17,18], radiative cooling [19], thermal spectroscopy [20-22],
thermophotovoltaic [23], thermal refrigeration [24], thermal recti-
fier [25-28], thermotronics [29] and boolean operation [30]. How-
ever, convenient implementation methods are also needed.

One of the most recent materials studied for near-field heat
transfer enhancement is hyperbolic material [31-36], where the
governing mechanism enabling near-field enhancement is the hy-
perbolic modes. Hyperbolic materials are so named because of
their topology of isofrequency surface [37], and wavevector range
supported inside the hyperbolic materials extends to infinity
within hyperbolic bands, hence called high-« modes. Due to vari-
ations in intramolecular or intermolecular bond strengths, the di-
electric response of hyperbolic materials is relatively independent
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with respect to principal axes, and electromagnetic radiation prop-
agating through hyperbolic material is subjected to negative and
positive dielectric responses simultaneously. The Reststrahlen dis-
persion relation in one of the principal components of permittivity
tensor modifies the isofrequency surface, producing a hyperboloid
that supports high-x modes inside the material within certain
frequency bands (Reststrahlen bands). These modes are the main
source of near-field enhancement at the interfaces between the
hyperbolic material/vacuum/hyperbolic material. Hyperbolic mate-
rials were first constructed using hybrid layered structures [38-
40] or 3D structures [41,42]. However, natural hyperbolic materi-
als also exist including hBN, calcite, and Bi,Ses [43]. Compared to
the fabrication challenges of layered and 3D hybrid material struc-
tures, natural hyperbolic materials are easier to implement for ap-
plications. Field confinement enables the use of natural hyperbolic
materials in sub-diffraction imaging and super-resolution focusing
[44]. For radiative heat transfer, hBN [45] and calcite are promis-
ing due to their low losses (¢”/ ~ 0.1) and thus suitable for long-
distance transport of radiative heat flux [32] within certain fre-
quency bands that support the hyperbolic modes.

Another class of (natural) material that has been investigated
extensively for near-field radiative transfer is polar dielectric ma-
terials, where the governing mechanism is the coupling of surface
phonon polaritons (SPhP) excited by photons [46-53]. Being a sur-
face phenomenon, these polaritons propagate along interface. In
contrast to hyperbolic materials with directional dependency, these
polar materials are usually isotropic. Along the polar dielectric sur-
face, surface waves originate from negative dielectric permittiv-
ity in the Reststrahlen band where ¢ <0, but fades away in the
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Fig. 1. Schematic of semi-infinite plates separated by vacuum. Here, for uniaxial
material, optical axis is along z-axis. Medium 0 is vacuum (&g =1).

direction perpendicular to the interface, and hence needs to be
coupled to another nearby surface for heat extraction [G]. SPhP
resonance also leads to quasi-monochromatic thermal emission by
means of structured surfaces [54]. Furthermore, studies showed
that grating structures on the interface with spatial coherence en-
able directional thermal radiation [46]. Due to SPhP and low losses
compared to metals, polar dielectrics are also preferred in building
hybrid hyperbolic materials [37].

This study is devoted to examining contributions to near-field
radiative heat transfer by the hyperbolic modes in natural hy-
perbolic material calcite, and comparing the different underlying
mechanisms of enhancement of near-field radiative heat transfer
in calcite and polar dielectric material SiC. Near-field radiative heat
transfer between bulk natural hyperbolic materials such as calcites
has not been reported before. Here radiation transfer across two
flat surfaces of calcite at different temperatures separated by a
small gap is studied to analyze the effect of material properties on
the underlying mechanisms, and, in turn, the enhanced near-field
radiation.

2. Methods, materials, and geometry

We consider two semi-infinite parallel plates, separated by dis-
tances comparable to or smaller than the characteristic radiation
wavelength. Fig. 1 shows media with in-plane (¢) and out-of-
plane (e ) dielectric components. In case of ¢ | = ¢, the schematic
represents isotropic materials.

Heat flux as a function of distance between the two flat plates
is expressed as [55]:
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Here, ©(w, T) stands for probability of states being populated by
modes at frequency w and temperature T, and x is wavevector par-
allel to interface. Subscripts s and p stand for TE and TM waves,
respectively. This expression is in a general form and applicable to
isotropic as well as hyperbolic materials [56]. The Landauer-type
formalism composed of 7P and 7;*3" represents transmission
functions of propagating and evanescent waves, respectively, which
is the fraction of total energy carried by the mode «:

(1= I (@)1P) (1 = Iri2(@) )

1= 131 (T)r 2 (T)e2ind |

TP (w,d, T, T) = (2a)

40 |
a;[— 300
30 [ | l & —500
: f. €~ 700
20 ! i e —300
10 | .[ £ —500
- ’af il' g —700
-10 ‘
-20 | | o
_30 | | | 2610" 2.810"
110" 20" 310™ 410"

Freq [rad/s]

Fig. 2. Real component of in- and out-of-plane dielectric functions of calcite in
mid-IR at temperatures of interest. Inset shows variation with respect to temper-
ature of in-plane component around the Type-II frequency band.
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where r is the Fresnel reflection coefficient at the interface be-
tween the materials of interest and vacuum, which can be ex-
pressed as [57]:
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In the expressions above, yp(= ,/sua)z/cg —¢/e1k?) and ys(=
,/usz/c(Z) — k2) are wavevectors in the direction perpendicular to
the interface for p- and s-polarized waves inside the material, and
Yo(= /w2 /c — k2) is the wavevector in vacuum. The numerator of
Eq. 2(a) accounts for the portion of transmitted radiative energy by
propagating waves through the material interface, and the denom-
inator represents multiple reflections between material interfaces
across vacuum gap. In Eq. (2b), Im(r;) in the numerator can be in-
terpreted as near-field emission [58] or a quantity proportional to
the local density of states (LDOS) [3].

We choose calcite as an example uniaxial hyperbolic material
for this study. It has two distinct Reststrahlen bands in mid-IR. Also
referred to as lower and upper bands, these Reststrahlen bands
exhibit negative dielectric behavior. The lower band spans a fre-
quency range 1.64 x 10" < @ < 1.69 x 10™ rad/s, and has a Type-
I hyperbolic dispersion, i.e.,, a positive in-plane component and
a negative out-of-plane component (see Fig. 2). The upper band,
2.64 x10™ < w < 3.08 x 10 has a Type-II hyperbolic disper-
sion with a negative in-plane component and a positive out-of-
plane component. Also, calcite has a weak in-plane dielectric re-
sponse due to molecular vibrations around w~ 133 x 10" rad/s.
These dielectric components shape the spectral radiation via al-
lowable/forbidden propagating waves inside the hyperbolic mate-

rial. From the wavevector expressions y, (= 1/8”(02/(:3 —&)/eLk?)

and ys(= /g jw?/cZ — k?), we can see that in the lower Type I
band, propagation of s-polarized (also called ordinary) modes with

Kk < /& w/co and all p-polarized (extraordinary) modes are al-
lowed, while in the upper Type-Il band propagation is forbid-
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Table 1
Fitting-parameters of Lorentz models for calcite and SiC as a function of temperature. Fitting-parameter, I, is in unit of meV for calcite and
cm~1 for SiC.
Material T (K) Am (meV)? wm (meV) wr (1/cm) wy (1/cm) r oo
SiC 300 - - 793 969 4.76 6.7
Jisotropic 500 787 965 85
700 781 960.5 12.2
Calcite/ 300 18.4 173.9 - - 2.02 1.698
asymmetric 500 178.7 - - 293
700 172.3 - - 431
Calcite/in- 300 0.110 88.7 - - 0.423 1.698
plane 500
700
Calcite/out- 300 1.272 108.0 - - 0.207 1.647
of- 500 107.9 0.317
plane 700 107.7 0.420

den for all s-polarized mode, and is allowable only for waves
with k > /e€lw/c, for p-polarized modes. Note that any mode
with k¥ > w|c, inside the material does not propagate in vacuum
and is evanescent in near-field because of momentum mismatch
with that of light in vacuum (w/c,). However, these evanescent
modes can tunnel through vacuum to a material nearby, which
give rise to enhanced near-field radiative transfer between two ma-
terials. Accordingly, in the Type I band, near-field enhancement
occurs for x € [w/co, \/?”w/co] for s-polarized waves, and forx €
[w]co,00] for p-polarized waves; and in the Type II band, near-field
enhancement occurs for « € [\/Fuw/co, oo] for p-polarized waves
only. Since radiation enhancement occurs only in a narrow wave-
length band for s-polarized wave, contributions to radiation en-
hancement are mainly from p-polarized waves.

For comparison, SiC is chosen as a polar dielectric which has
been widely studied. Excitation frequency of SPhP at SiC-vacuum
interface corresponds to ~1.78 x 10" rad/s within the Reststrahlen
band of SiC. SPhPs are transverse surface waves propagating along
the interface with large wavevectors that contribute to the en-
hancement of near-field radiation by increasing the number of
coupled resonant modes. Due to transverse optical phonon oscil-
lations in the direction normal to the interface, only p-polarized
waves can excite SPhPs. Dielectric properties of calcite and SiC can
be modeled with good approximation using the Lorentz oscilla-
tor model in infrared frequencies [59,60]. Moreover, calcite and
SiC are both durable materials at elevated temperatures: calcite
changes its form into CaO with loss of CO, at around 1100K, while
SiC withstands even higher temperatures. Since this study covers
a relatively large temperature range, temperature dependent opti-
cal properties are used, and are expressed for calcite [60] (a two-
oscillator model) and SiC [61] as:
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Here, wr(w;) is the transverse (longitudinal) phonon frequency and
I' accounts for losses. wp, is the frequency of the mth Lorentz os-
cillator. The fitting-parameters are listed in Table 1. For calcite, the
fitting-parameters at room temperature were obtained from ellip-
sometry data [62], and the fitting-parameters for higher tempera-
tures are derived from dielectric properties reported in ref. [60].
For SiC, considering the fact that variation in wr and w; of SiC
is <2% and the change in I" is linear with respect to temperature
[61], linear interpolation in resonant frequencies is used in calcu-
lations within the temperature range of interest (between 300K
and 700K). Fig. 2 shows dielectric function in both in- and out-of-
planes of calcite computed from values in Table 1.

3. Results and discussion
3.1. Transmission coefficients for calcite and comparison with SiC

The transmission function, Eq. (2b), plays a significant role in
near-field radiative transfer, and also conveys insightful informa-
tion. Here we first discuss parameters determining this transmis-
sion function. Fig. 3 shows the frequency and wavevector depen-
dency of the transmission function, for calcite (a) and SiC (b),
for p-polarized waves. Due to the negligible contribution of s-
polarized waves to total heat transfer in hyperbolic bands (~1%
in Type-I), only p-polarization is shown. As can be seen, calcite
has two regimes with large xd in which the transmission function
has non-zero values. These high-« modes propagate inside cal-
cite within these regimes, and hyperbolic evanescent waves tunnel
through vacuum. It is also seen that these regimes are bound by
certain x«d values, which is related with penetration depth, propor-
tional to ~ x~1. Transmission of evanescent modes with small «
values occurs nearly without loss because the penetration depth of
these modes is greater than the separation distance, d. Across the
same gap, the modes with higher x values decay faster according
to e~2Im(0)d i the transmission expression.

Fig. 3(b) shows for SPhP there are also high-« modes contribut-
ing to the transmission function. Comparison of Fig. 3(a) and (b)
indicates there are larger « values for SPhP that contribute to
transmission. This difference can be explained using Fig. 4, which
illustrates the imaginary component of Fresnel reflection coeffi-
cients for nonradiative p-polarized waves in Eq. 3(a). Fig. 4, as a
result of Eq. 3(a) and dielectric properties of hyperbolic material
and polar material, indicates that Im r, in hyperbolic bands cannot
exceed 1 for calcite whereas that of SiC has a value over 20 around
the resonance frequency. With smaller Im rp in Eq. 2(b), T;¥*" ap-
proaches 0 at relatively smaller x value for calcite compared to SiC.
The largest wavevectors that enhance energy transfer in calcite is
about ~3 times smaller than that in SiC.

Fig. 4 also reveals that for larger k (>> w/c, electrostatic limit),
the magnitude of Imr, within the Reststrahlen bands is a constant
of ~0.9 for calcite and ~10 for SiC. Modes with k > w/c can trans-
fer energy at the near-field,d < 100 nm. This implies that at the
near-field, enhancement in near-field radiation at shorter distance
is not due to the number of modes. Rather, the contribution for
the enhancement solely arises from “accessible” larger x values
than that at longer separation as seen in the integral for near-field
contribution in Eq. 1 along with constant Imrp in Eq. 2(b). Thus,
near-field enhancement at extreme near-field is dominated by the
contribution of the modes with accessible « values.

3.2. Evaluation of near-field radiative transfer

To analyze the contribution of high-« modes on radiative trans-
fer in hyperbolic materials, we consider two semi-infinite plates at
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Fig. 3. Transmission function of p-polarized waves between materials of calcite (a) and SiC (b) with a separation of 100 nm at 300 K. These plots show the contribution of
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Fig. 4. Imaginary reflection coefficients of nonradiative p-polarized waves for calcite (a) and SiC (b) in Reststrahlen bands. Color bar is from 0 to 1 (for (b), color bar is

saturated at 1).

different temperatures separated by a gap. The temperature of one
plate is fixed to 300K, and the temperature difference (AT) be-
tween two plates is 1K, 200K, and 400K. We validated the code
for SiC by comparing our results to the results in [55] and [58].
Fig. 5(a) illustrates the total radiative heat flux (gro¢) as a function
of the separation distance between the plates at all temperature
differences. At large separation distances (close to 10 uym) when
propagating waves in vacuum is the main contribution to radiative
heat transfer, calcite transfers slightly more energy. This is a conse-
quence of the term 1 — |rq|2 in Eq. 2(a), which represents emissiv-
ity of the material. Compared to SiC, calcite has a real component
of dielectric function closer to that of air and a lower dielectric
loss, which lead to smaller reflectance and in turn, higher emitted
radiation.

In the near-field regime, qrotcqcite increases with the decreas-
ing separation distance due to the tunneling of larger x-modes
supported in the Type-I and -1 bands. As discussed above, e~2<d
in Eq. 2(b), which governs the transmission function, decays and
approaches 0 when kd > 1. A shorter separation distance allows
larger k to contribute to near-field radiation enhancement. The
same reason explains the contribution of SPhP in SiC at shorter
distance.

Fig. 5(a) demonstrates radiative heat transfer as a function of
separation distance at various temperature differences. In general,
drotsic > GTotcalcite OWINg to the contribution of the modes with
larger « values (Fig. 3) and larger number of modes than that in
calcite at all temperature differences. Fig. 5(b) shows radiation nor-
malized to blackbody radiation at the corresponding temperature
difference. At 1K and 200K temperature differences, the magni-
tude of normalized radiative heat transfers for calcite (qnor. calcite):
is nearly equal (see inset in Fig. 5(b)). This is because on one
hand, increasing temperature shifts Amax, the peak wavelength of
radiation at the corresponding temperature, towards the Type-
Il band. Consequently, more populated states, or high-« modes
within the Type-II band enhance near-field radiation. On the other
hand, increasing temperature results in broadened Type-II band
and weaker dielectric response, as shown in the inset in Fig. 2.
This results in smaller Imr,, and hence, smaller contribution of
hyperbolic evanescent modes to near-field radiation. Increasing AT
to 400K decreases the normalized near-field radiation due to even
weaker dielectric response as well as Amax moving out of the Type-
Il band. For SiC, at 1K difference, the maximum thermal energy
excites states around the resonance frequency, 1.78 x 10 rad/s
(10.5 pm), and moves out of this frequency when temperature in-
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Fig. 6. Spectral heat transfer between calcites (a) and SiC (b) separated by 100 nm for AT=1K. For completeness, contribution of s- and p-polarized propagating waves are

included. BB: blackbody.

creases. Thus, the normalized qpqsic reduces as temperature in-
creases. Similar to calcite, the temperature dependent dielectric
properties of SiC also contributes to the decrease of qyq sic at
larger temperature differences.

Fig. 5(a) and (b) also shows that the increases of both gy sic
and qrorcqrcite from AT=200K to AT=400K are not as high as
the increases from 1K to 200K and gy, cqicite and gyt sic are al-
most the same at the extreme near-field (less than ~20nm). In-
spection of 7;V" for SiC reveals that at this temperature differ-
ence, the frequency of maximum 7;4" is shifted towards a range
where SPhPs have « values smaller than maximum « values in dis-
persion relation of supported polariton modes, which arises from
the difference between the resonance frequencies at high temper-
ature. Also, at the resonance frequency for 700K, wavevectors of
polariton modes are nearly half the « values at the resonance fre-
quency for 300K due to temperature dependent dielectric prop-
erties. Therefore, only the polariton modes with about half the «
values can strongly couple between two surfaces. In contrast, the
high-« modes in calcite within Type-I and -II bands can tunnel
through vacuum because each band of the two interfaces for these
temperatures still overlaps and supports all the high-« modes.

Thus, calcite has about the same near-field radiation enhancement
as SiC at the extreme near-field for AT=400K.

3.3. Spectral radiative heat transfer

We now further examine the spectral near-field radiative trans-
fer across calcite (qy,, cqicire) and SiC (q,,sic) surfaces. Fig. 6 shows
spectral near-field radiative transfer (for all wavevectors) along
with near-field contribution of s-polarized evanescent wave (qqs)
and p-polarized evanescent wave (qqp) at a separation distance
of 100nm. A temperature difference AT=1K is used here. Cal-
cite exhibits three characteristic peaks due to p-polarized waves,
and the two of them with higher frequencies are related to the
Type-I and Type-II bands. The peak at lower frequencies around
®=135 x 10" rad/s is due to a larger value of Im r, (Fig. 4(a)),
which originates from a larger imaginary part of the dielectric con-
stant (8”H ~ 3). The peak of spectral heat transfer in the Type-I
band is higher than that in the Type-II because of Amax falling onto
the Type-I band at 300K. It is also seen that q,p dips near fre-
quencies right to the Type-I band, because £, ~1 at those frequen-

cies, leading to small y,(= 1/8Ha)2/c§ — &/eLk?). Another obser-
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vation is that q, cgcire Outside hyperbolic bands (and the peak
around w =135 x 10™) is higher than the spectral blackbody ra-
diation. Each component of the evanescent waves, (s and qup,
mostly remain below blackbody radiation. However, contributions
of radiation due to propagating waves (not shown here) are very
close to the spectral blackbody radiation. Therefore, q, cqicite, 1S
higher than q,gp.

Contributions of s-polarized modes to g, ccite aré minimal in
the Type-I and Type-II regions, as discussed previously. (The peak
to the left of the Type Il band is due to bulk resonance. [63]) For
frequencies beyond the Type-II band, there is a drastic reduction
of the contribution of s-polarization evanescent waves since 0 <
€ < 1 (see Fig. 2), meaning that the s-polarized evanescent waves
cannot be excited inside the material.

For SiC, only p-polarized waves excite surface polaritons. From
Fig. 6(b), it is seen within the Reststrahlen band of SiC, the con-
tribution of s-polarized mode is also minimal. We noticed that g,
and g, for SiC exceeds the spectral blackbody radiation outside of
the Reststrahlen band. This is due to high &g outside of the Rest-
strahlen band, hence SiC supports large evanescent waves, @/c, <
K < «J€w/c,, contributing to near-field radiation for both polariza-
tions. Fig. 6(b) also shows that q,sjc at resonance frequency is
higher than that due to the hyperbolic modes in calcite, because,
as discussed above, modes with relatively larger « values in SiC
can contribute near-field radiation.

4. Conclusion

In this study, we carried out analyses on radiative heat trans-
fer of natural hyperbolic material, calcite, and compared to that
of a polar material SiC. Our study reveals that, the high- x modes
within the hyperbolic bands are responsible for the largely en-
hanced near-field radiation. Comparison of calcite with SiC illus-
trates the significance of the high-x modes in calcite vs. surface
polariton modes in SiC in their contributions to near-field radi-
ation enhancement, for temperature differences ranging from 1K
to 400K. We also noticed that the contribution of high- ¥ modes
in calcite to near-field radiation is comparable to that of surface
polaritons in SiC. However, in general, the contribution of high- «
modes over the entire spectrum is not as high as the polariton
modes in SiC due to contributions of wavevectors with a smaller
range. On the other hand, at very near-field, the enhancement from
calcite is about the same as that from SiC at a large temperature
difference of 400K. This is because the resonance frequencies of
SPhPs in SiC for these temperatures shift and polariton couplings
take place only at smaller « values. In contrast, despite of the shift
with temperature in Type-I and -II bands in calcite, each band at
these temperatures still mainly overlaps. The results of these anal-
yses will be helpful in the search of hyperbolic materials that can
enhance near-field radiative transfer.
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